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Local range expansions might either be the response of populations to climate or
landscape change, or be caused directly by human intervention. In the latter case the
expansion would be considered the first in the steps leading to a biological invasion.
In species typically not the subject of human commerce, distinguishing the causes of
local range expansions is problematic. Range dynamic theory provides a basis for
doing so, and, when used to assess phylogeographical information, can be a powerful
conservation biogeographical approach. Here we adopt this approach to resolve the










spread westward approximately 500 km from its historical range. This local range
expansion could either represent human-mediated jump dispersal, or a response
to landscape or climate change. To date, the latter has been assumed, although
not universally. Using a phylogeographic approach to investigate these competing
hypotheses, a portion of the mitochondrial COI gene was sequenced for individuals









 = 121). There was substantial geographical population structure within











 < 0.001). The presence of one or a few dissimilar haplo-
types in the dams suggests that introductions are from a number of different sources.
This, in conjunction with new survey data, supports the hypothesis that recent
establishment of these populations is the result of human-mediated jump dispersal.
The impact of this range expansion on ecosystem functioning is unknown, but given
the rapid spread of this species and its potential influence on ecosystems, safeguards











Biological invasions constitute one of the most significant modern













., 2004; Millennium Ecosystem Assessment,
2005). Although the invasion process is typically characterized as
involving species not indigenous to a given geopolitical area
(Bean, 2007), and is often managed accordingly (Matthews,
2004, 2005), biological invasions may involve any range expansion









., 2004). Thus, the human-mediated
movement of organisms indigenous to a given geopolitical
area to localities outside their natural distribution within that
geopolitical area likewise constitutes the first in the series of









ek, 2006 for discussion
of invasion barriers). Such human-mediated local range expansion









., 2005), where human-
assisted translocations, whether accidental or intentional, are
common. When local range expansion of this kind is recorded,
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However, when it is found in species that are not commonly the
object of human industry or commerce, attribution of its cause is
more difficult.
Local range alteration is typically attributed to rapid landscape









Parmesan, 2006). However, the frequency and intensity of
movement of humans and goods (McKinney & Lockwood, 1999;




., 2004) mean that in some
species at least, local range expansions must be a consequence of





., 2003). The conservation actions employed
to address landscape- or climate change-mediated, vs. human
vector-mediated local range expansions are very different.
Conservation interventions to limit range expansions associated
with landscape or climate change are often much less tractable
than those that are required to reduce human vectoring. There-
fore, it is important to distinguish local range expansions that are
a response to landscape and climate change from those that are
directly mediated by human activities.





., 2005) suggests one way in which this might be
done. At least in the initial stages of a human-mediated range
expansion, the expansion should more closely resemble a jump
dispersal or stratified diffusion process (a combination of jump





., 2001), than the simple diffusive process
typically assumed to result from increasing density of individuals
accompanied by an increase in range size (Hengeveld, 1994;




., 2005). That is, newly established
populations should be geographically disjunct from the main
range of the species. Moreover, the newly established population
need not necessarily include individuals genetically similar to
those comprising the closest population that is part of the
species’ previously recorded range. This is especially likely if the










By contrast, landscape- or climate change-mediated range
expansion is more likely to be characterized by diffusion
processes (see, e.g. Parmesan, 2006), even though occasional
long-distance dispersal events cannot be wholly discounted (e.g.




., 2005). Nonetheless, populations
newly established as a consequence of diffusion processes should
be genetically similar to those nearest them, with an isolation-by-
distance pattern predominating (Kirkpatrick & Barton, 1997;
Lenormand, 2002; Epperson, 2003; Blows & Hoffmann, 2005),
whereas in jump dispersal this will not usually be the case.
Here we apply this essentially conservation biogeographic




., 2005), using molecular population
genetics, to resolve the controversial case of the recent local range





southern South Africa. This Afrotropical species, which typically
occupies summer to aseasonal rainfall areas, has recently
increased its range to include the winter rainfall region of South
Africa, and is becoming abundant in areas previously occupied









., 2001; Braack, 2004). Hence,




range expansion (Bishop, 2004), especially because it is not clear
whether this expansion represents direct human intervention
by accidental (or perhaps intentional) transport of the species
to areas outside its natural range, or whether climate- and/or
landscape-mediated changes in population dynamics lie at the
heart of the expansion. If the former applies, a strong case can be
made for straightforward and urgent conservation actions,
whereas if the expansion represents a natural consequence of
changing climates and landscapes, then policy and management
interventions are likely to be more complex and their urgency
















., 2000, 2001), which is widely distributed





 is regarded by some investigators
as three subspecies based on dorsal colour pattern differences
(Fig. 1) but the subspecific status is not straightforward since a
great deal of pattern variation and gradation of the different
colour morphs occurs at contact zones (Lambiris, 1989; Passmore
& Carruthers, 1979, 1995; Channing, 2001; Bishop, 2004). While
the validity of the subspecies is perhaps questionable, for ease of
terminology we adopt the term ‘subspecies’ here when referring
to the three colour morphs.




 outside its historical range
came from the winter rainfall Cape Town area prior to 1995
(A. de Villiers, pers. comm.), at that time indicating a 500-km
disjunction between the new population and the closest area
thought to be part of the historical range. Thus, the initial data





Formal surveys conducted during the South African Frog Atlas




., 2004) revealed that
the species was distributed further westward along the southern
South African (‘southern Cape’) coast than had previously been
supposed. Regardless, an apparent 200 km disjunction remained
between the western edge of the major portion of its range and
the two populations in Cape Town that had become established
by that time. These reports, and similar disjunctions in many
other animal species (see, e.g. Brown & Lomolino, 1998),
presumably influenced the decision by the Global Amphibian




 indigenous to all areas in
which it is now found (IUCN, 2007). Such a conclusion is largely
in keeping with past changes in rainfall seasonality in the southern
Cape, current changes therein, and predictions for ongoing
change. In the eastern part of the southern Cape, rainfall
seasonality shifted in the latter half of the Holocene from a pattern





This pattern of increasing summer rainfall appears to be con-





., 2005). Such a shift in rainfall pattern
might easily account for the westwards coastal range expansion
 




















, given its preference for summer or aseasonal
rainfall areas. Moreover, an increase in the number of artificial





., 2003; Giliomee, 2006) has
increased the availability of suitable habitat. Either singly or in
combination, these climate- and landscape-linked changes may




 in the Cape
Town area.
Thus, on the present biogeographical evidence, local range
expansion of the species could plausibly be explained as a natural









(2004: Box 1) definition the species would then be considered
indigenous to the Western Cape region. However, early reports
by workers in the field, and the lack of reports of the species far to
the west of its natural range make such a conclusion tenuous, and
suggest that the species has been introduced to the region by
humans (Bishop, 2004). It is these competing hypotheses that we
investigate here.
 
Species and sample collection
 
Frogs were collected by hand during the 2004/5 summer breeding
season (October to February) from 18 sampling sites within the
historical range, and from four artificial water bodies (hereafter
‘dams’) outside the historical range (Fig. 1, see Appendix S1 in
Supplementary Material). All frogs were photographed and the
dorsal colour pattern was recorded. Toe clippings were taken




 = 178), and
the frogs released after sampling. All frogs from dams were
retained as specimens (currently held by KAT at the South
African National Biodiversity Institute) and toes were clipped




 = 121). All




Total genomic DNA was extracted using a standard digestion









L proteinase-K (10 mg/mL). Digestions were carried









The digest was spun down, the supernatant removed, and used
directly in polymerase chain reaction (PCR). A portion of the
mitochondrial cytochrome-oxidase subunit I (COI) was













































Super-Therm Taq DNA polymerase. The primers initially




Figure 1 Map of the historical distribution for three subspecies of Hyperolius marmoratus from South Africa. Images show examples of dorsal 
colour patterns corresponding to each subspecies. Sampling localities are indicated by black circles. Sampling localities outside the historical 
distribution (dams) are indicated by white circles. Sample sizes are given for each sample locality.
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., 1985) and used




C for 1 min, followed

















C for 5 min. An aliquot of the PCR
product was electrophoresed on a 1% agarose gel containing
ethidium bromide, and visualized by ultraviolet light. PCR
products were cycle sequenced using a fluorescently labelled
dye-terminator kit (Applied Biosystems, Foster City, CA, USA),
purified with Sephadex spin columns, and analysed on an
Applied Biosystems 3100 genetic analyser. MacClade 4.0
(Maddison & Maddison, 2000) was used to identify haplotypes.
Sequences have been submitted to GenBank (Accession nos
EU53175–53198).









 clustering of the sampling sites within









into consideration the geographical locations of sites, and









., 2002). As such, this analysis was useful for
statistically differentiating between historically isolated groups




































































was made using the Tamura-Nei
model of evolution (equal rates for all sites) as determined by





 statistics was tested by running 100,000 permutations
of the data set.
Relationships among haplotypes were examined with a





addition, a phylogenetic analysis was run on the set of all unique
haplotypes, using an unweighted parsimony analysis with a
heuristic search and 1000 random addition replicates (DELTRAN
optimization; characters unordered; TBR branch swapping).
A search of GenBank for an appropriate outgroup taxon revealed





, GenBank Accession no.
AY883979) was chosen as an alternative outgroup, as the Ranidae





., 2006). Confidence in the nodes was assessed by 1000
bootstrap replicates with random addition of taxa.
A coalescent approach was used to investigate levels of gene
flow (M) between populations. An infinite site model was used,
and the Markov Chain Monte Carlo simulation was allowed to
run for 10 million generations, with 10% burn-in (Nielsen &
Wakeley, 2001). Data were submitted pairwise by population to
the remote computer cluster running the program MDiv at Cornell
University via internet upload (http://cbsuapps.tc.cornell.edu/
mdiv.aspx). Posterior distributions for M were plotted, and
M was approximated as the value with the greatest posterior
probability. Three independent runs were made for each popula-
tion pair, and the mean M from these runs was plotted against
geographical distance for each pair. The relationship between M
and geographical distance was examined using a Mantel test in






























 = 67), were found to have the
general colour pattern expected from subspecies accounts in the
literature (Passmore & Carruthers, 1979, 1995; Minter 
 
et al.,
2004). A minority of both juvenile and adult individuals were
plain brown (from 0% to 20% per sample site), a colour morph
that was absent from only the Soutpansberg H. m. taeniatus site.
Every individual from the dams in Stellenbosch (n = 30) and
Villiersdorp (n = 24) matched the H. m. verrucosus morph,
whereas all individuals from the Strand dam (n = 28) matched
the H. m. taeniatus morph. In the Durbanville dam (n = 39), two
colour morphs were found in approximately equal frequencies
(H. m. verrucosus (n = 19), and H. m. marmoratus (n = 20)),
suggesting the presence of both subspecies together in Durban-
ville. In addition, a single individual of the H. m. taeniatus
morph was later found by A. de Villiers, but was not sampled for
DNA.
Genetic analysis
A total of 24 unique haplotypes was found, and the two most
common haplotypes (KTH402 and KTH415) had notably high
frequencies in H. m. verrucosus (see Appendix S1). Hyperolius m.
taeniatus had significantly higher haplotype diversity than the
other subspecies, but values were not significantly different
between H. m. verrucosus and H. m. marmoratus (Table 1). The
samova revealed that the 18 sampling sites within the historical
range can be grouped into six populations: four H. m. taeniatus
populations, one H. m. marmoratus population, and one H. m.
verrucosus population. The presence of these six populations is
indicated by a dramatic increase in FCT followed by a slightly
increasing plateau reaching a peak at six to seven groups (Fig. 2).
These six to seven groups were assumed to represent ‘natural
populations’ within the historical range of the species, and we adopt
six as the most parsimonious number of populations (Fig. 2).
The analysis of molecular variance (amova) resulted in
significant differences between every pair of subspecies, and
between every pair of populations (Tables 2 and 3) within the
historical range for FST and ΦST (overall FST = 0.50, ΦST = 0.82,
P < 0.001). All dams were significantly different from each other
(Table 3) except Stellenbosch and Villiersdorp which had an
K. A. Tolley et al.
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identical haplotype composition. The amova also showed
significant frequency differences between all but one of the dams
and the natural populations (Table 3), with only H. m. verrucosus
and the Villiersdorp dam not significantly different (ΦST = 0.03,
P = 0.086). This result seems to be due to a lack of statistical
power, given that all frogs from Stellenbosch (n = 30) and
Villiersdorp (n = 24) had the same haplotype yet frogs from the
Stellenbosch dam were significantly different from H. m. verrucosus
(Table 3).
The parsimony analysis showed 20 informative characters
in the data set, and produced six equally parsimonious trees
that differed only by terminal branch swapping (CI = 0.96,
RI = 0.95). Two well-supported clades were found (tree not
shown), each with > 90% bootstrap support. These clades were
n (a) H h π
Subspecies
verrucosus 89 (9) 8 0.43 (0.372–0.494) 0.0010 (0.0001–0.0020)
marmoratus 22 (3) 6 0.53 (0.412–0.653) 0.0018 (0.0003–0.0032)
taeniatus 68 (6) 13 0.88 (0.853–0.901) 0.0130 (0.0061–0.0198)
Soutpansberg 7 (1) 1 0.00 0.0000
Polokwane 11 (1) 2 0.50 (0.400–0.600) 0.0010 (0.0000–0.0020)
Stanford Lake 11 (1) 3 0.58 (0.440–0.724) 0.0013 (0.0001–0.0025)
Southern 38 (3) 10 0.87 (0.844–0.899) 0.0165 (0.0078–0.0252)
Dams
 Villiersdorp 24 (1) 1 0.00 0.0000
 Strand 28 (1) 1 0.00 0.0000
 Stellenbosch 30 (1) 1 0.00 0.0000
 Durbanville 39 (1) 3 0.55 (0.500–0.590) 0.0012 (0.0001–0.0023)
Table 1 The number of individuals (n), 
number of sites sampled (a), number of 
haplotypes (H), haplotype diversity (h), and 
nucleotide diversity (π) with 95% confidence 
intervals in parentheses, for Hyperolius 
marmoratus. Data are shown for the three 
subspecies (H. m. verrucosus, H. m. 
marmoratus, and H. m. taeniatus), and frogs 
from dams in the Western Cape Province. The 
four populations of H. m. taeniatus identified 
by spatial analysis of molecular variance are 
listed separately (Soutpansberg, Polokwane, 
Stanford Lake, Southern).
Figure 2 Geographical distribution of the six populations of Hyperolius marmoratus as indicated by the spatial analysis of molecular variance 
(samova) results. Populations are H. m. verrucosus, H. m. marmoratus, Southern H. m. taeniatus, and three separate northern H. m. taeniatus 
populations (Soutpansberg, Polokwane, and Stanford Lake). Inset: Relationship between FCT and the number of Hyperolius marmoratus 
populations input into the samova. At K = 6 populations, FCT = 0.774.
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also observed in the median-joining network (separated by 12
mutational steps, link not shown; Fig. 3). Clade A contained only
individuals from the H. m. taeniatus subspecies, including all
individuals from the three northern H. m. taeniatus populations
and the majority (61%) of individuals from the Southern H. m.
taeniatus population. Clade B contained a mixture of individuals
from all of the subspecies, although H. m. verrucosus and
marmoratus dominate this clade (Fig. 3, see Appendix S1). A
separate network was constructed for the H. m. verrucosus popula-
tion, to investigate the possibility of recent demographic changes
in this subspecies. The network showed a star-shaped pattern
(Fig. 3), consistent with that expected in a population that has
undergone a recent range expansion.
All individuals from the Strand dam were identical for both
mitochondrial haplotype (HM165) and colour morph (H. m.
taeniatus) suggesting that this dam was colonized by H. m.
taeniatus (Fig. 3, see Appendix S1). All individuals from
Stellenbosch and Villiersdorp were also identical for haplotype
(KTH402) and colour morph (H. m. verrucosus), suggesting that
both dams were colonized by H. m. verrucosus (Fig. 3, see
Appendix S1). All three morphs were found in the Durbanville
dam, although the H. m. taeniatus morph was represented by
Table 2 Analysis of molecular variance results for three subspecies 
of Hyperolius marmoratus. FST values are given above the diagonal 
and ΦST values below it. All values were significant at P < 0.001 
(overall FST = 0.354, ΦST = 0.725).
taeniatus marmoratus verrucosus
taeniatus – 0.262 0.321
marmoratus 0.631 – 0.526
verrucosus 0.747 0.675 –
Table 3 Analysis of molecular variance results for each population of Hyperolius marmoratus. FST values are given above the diagonal and ΦST 
values below it. All values were significant at P < 0.05 except where indicated by ns (overall FST = 0.498, ΦST = 0.817, P < 0.001).
1 2 3 4 5 6 7 8 9 10
1. taeniatus Soutpansberg – 0.697 0.656 0.405 0.631 0.651 1.000 0.596 1.000 1.000
2. Polokwane 0.907 – 0.383 0.122 0.477 0.547 0.831 0.467 0.854 0.473
3. Stanford Lake 0.900 0.575 – 0.209 0.447 0.527 0.804 0.442 0.830 0.776
4. Southern 0.351 0.228 0.280 – 0.271 0.315 0.456 0.208 0.482 0.370
5. marmoratus 0.958 0.951 0.950 0.506 – 0.526 0.743 0.430 0.767 0.760
6. verrucosus 0.971 0.967 0.967 0.680 0.675 – 0.093 0.090 0.103 0.701
7. Dams Villiersdorp 1.000 0.990 0.988 0.544 0.773 0.027 ns – 0.319 0.000 ns 1.000
8. Durbanville 0.968 0.962 0.961 0.555 0.522 0.152 0.323 – 0.343 0.695
9. Stellenbosch 1.000 0.992 0.990 0.569 0.795 0.034 0.000 ns 0.347 – 1.000
10. Strand 1.000 0.473 0.796 0.305 0.974 0.974 1.000 0.976 1.000 –
Figure 3 Median-joining haplotype 
networks for the two Hyperolius marmoratus 
clades (A and B). The sizes of the circles 
indicate the frequency of the haplotypes, and 
the length of the branches indicates distance 
between haplotypes. The frequency at which 
haplotypes occur by colour morph is indicated 
by black (H. m. taeniatus), grey (H. m. 
marmoratus), and white (H. m. verrucosus) 
circle proportions. Haplotypes found in each 
of the dams are shown by arrows. Also shown 
(inset) is the network structure for only the 
H. m. verrucosus subspecies, which is a subset 
of Clade B.
K. A. Tolley et al.
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only a single individual. Three haplotypes were present in the
Durbanville dam, but two haplotypes dominated (KTH402 –
56%; KTH415 – 39%; D68 – 5%).
The coalescent analysis showed that gene flow (M) was generally
low among geographically distant populations (see Appendix S2
in Supplementary Material). However, no overall association
between M and geographical distance was found (r = –0.18, ns),
suggesting that gene flow does not follow a simple pattern of
isolation-by-distance. One population pair (southern H. m.
taeniatus and H. m. verrucosus) had relatively high gene flow
despite the large distance between them (Fig. 4, see Appendix
S2). In addition, two pairs (H. m. taeniatus from Soutpansberg
with those from both Polokwane and Stanford Lake) had relatively
low gene flow despite the small geographical distance between
them (Fig. 4, see Appendix S2). Low values of M were consistently
estimated between the populations within the historical range
and those from the dams (see Appendix S2).
DISCUSSION
Population structure within the historical range
Hyperolius marmoratus from South Africa fall into two well-
supported clades, and the three subspecies (H. m. taeniatus,
H. m. marmoratus, and H. m. verrucosus) are each not
monophyletic. This suggests that there is either contemporary
gene flow between the subspecies, or that lineage sorting is
incomplete and ancestral polymorphisms have been retained.
Previous views that much variation exists within subspecies and
a gradation of the different colour morphs at contact zones
(Channing, 2001; Bishop, 2004) are supported by the present
morphological and genetic results. Indeed, at the population
level the species shows substantial structure. The northernmost
subspecific form, H. m. taeniatus, is the most genetically distinct,
and the samova suggests this form comprises four populations,
with the Southern population showing the greatest variation.
Some of the geographical structure was unexpected given the
distances between sampling areas. For example, the coalescent
analysis indicated low gene flow between H. m. taeniatus
populations from Soutpansberg, Stanford Lake, and Polokwane,
despite their geographical proximity. Although small sample
sizes could have influenced these results, complex spatial structure
over short distances has been found in other amphibians, and is
certainly characteristic of some aquatic or semiaquatic species
separated by watersheds (e.g. Funk et al., 2005; Measey et al.,
2007a). In the present case, quite different watersheds are indeed
characteristic of the areas surrounding Polokwane, Soutpansberg,
and the Southern population (Dollar, 1998), but further
microgeographical sampling will be required to reveal the extent
to which this geographical structure is associated with the
region’s hydrology.
Holocene range expansion
Hyperolius m. verrucosus appears to be comprised of a single
population, with low genetic diversity and high frequency of a
single haplotype. Such a pattern is often interpreted as representing
the leading edge of a recent radiation into a new geographical
region (Hewitt, 1996, 2000), and in this case would suggest that
H. m. verrucosus has recently occupied its current natural range.
A historical range expansion may have been associated with
climatic changes over the past several thousand years. Dry
summers in the eastern part of the southern Cape fynbos region
persisted throughout much of the Holocene, and only over
the last 5000 years have moist summers (associated with an
aseasonal or weakly bimodal rainfall pattern) become characteristic
of the area (Deacon et al., 1992; Mucina & Rutherford, 2006).
For a spring or summer breeding frog species that is associated
with standing water and temporary pools (Bishop, 2004), the
development of an aseasonal rainfall pattern in an area pre-
viously dominated by arid summers would have provided an
opportunity for range expansion. Additionally, with European
colonization of the Western Cape from 1652 onwards, it seems
likely that ongoing landscape change associated with the con-
struction of permanent irrigation dams and ponds as agriculture
intensified across the region (Rouget et al., 2003; Giliomee, 2006)
would simply have complemented these opportunities. Ongoing
trends of increasing summer rainfall in the western part of the
southern Cape would certainly have facilitated a westward range
expansion by this species. In line with these arguments, the
median-joining network for H. m. verrucosus shows a star-
shaped pattern (Fig. 3), which is characteristic of the leading
edge of a recent expansion (Hewitt, 1996, 2000). In addition,
a post-hoc test (using arlequin 2.0) of mutation-drift equilibrium
(Fu, 1997) shows that H. m. verrucosus is strongly out of
equilibrium (FS = –5.8, P < 0.01), suggesting that it has undergone
an extreme demographic change in the form of a recent expansion
in its historical range.
Human-mediated jump dispersal?
Although Holocene climate change in the region provides a
plausible explanation for the predominant genetic signature, the
primary question remains the likely origin of the putatively
introduced populations in the Western Cape. For Strand, the
Figure 4 Rates of gene flow (M) between populations of Hyperolius 
marmoratus plotted against distance (km) between populations. 
Only populations within the historical distribution are shown.
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situation is clear, as all individuals had the common H. m. taeniatus
haplotype (HM165) and colour pattern. Because HM165 occurs
in three of the four H. m. taeniatus populations (see Appendix
S1) it is not possible to pin-point the original source of the
introduction. Regardless, it is clear that these frogs originated
from a naturally occurring set of populations more than 1500 km
away, with no records of these populations in the intervening
area, despite a thorough recent survey (Minter et al., 2004).
Therefore, the Strand population can be considered non-
indigenous, and the consequence of human-mediated jump
dispersal (Hengeveld, 1989; Suarez et al., 2001).
In the case of the Villiersdorp and Stellenbosch dams, a natural
dispersal event must be a consideration, given that all individuals
in these dams displayed the H. m. verrucosus colour pattern,
and were of the most common H. m. verrucosus haplotype
(KTH402). However, the presence of only a single haplotype in
two widely separated dams would be extremely unusual in the
case of a natural range expansion. The genetic signature does
not match the ‘star-shaped phylogeny’ which is expected for
populations that have undergone a range expansion (Hewitt,
1996, 2000). Thus, it is unlikely that populations in these dams
form part of a continuous diffusion-type, natural range expansion
process (Hengeveld, 1994; Gaston, 2003). In consequence, natural
colonization of the dams can be discounted despite evidence of
ongoing climate and landscape changes in the region (Rouget
et al., 2003; Midgley et al., 2005; Giliomee, 2006).
The Villiersdorp population was first noticed in December
2003, and the Stellenbosch population a year later (K.A.T.,
unpublished data, and A.A. Turner, unpublished data). Assuming
that these initial reports represent the earliest occurrences,
it is unlikely that one dam was colonized first, and that frogs sub-
sequently spread across the mountainous 90 km stretch between
the two sites in a single year while remaining absent in a number
of other dams surrounding Stellenbosch (Fig. 5). Both sites are in
areas heavily impacted by humans, suggesting that separate
human-mediated introductions are more plausible. Moreover,
natural dispersal into two sites simultaneously also seems
considerably less plausible than does a human-assisted event.
That the Stellenbosch population occurs in a dam at the South
African Department of Agriculture’s Agricultural, Food,
Quarantine and Inspection Services is also telling. Given that
H. marmoratus lays eggs on aquatic vegetation (Passmore &
Carruthers, 1979, 1995; Channing, 2001), and is considered
desiccation resistant (Withers et al., 1982; Schmuck & Linsenmair,
1997; Bishop, 2004), transport on quarantined plant material
seems probable.
The situation in the Durbanville dam is more complicated
because H. m. verrucosus and the H. m. marmoratus colour
patterns occur in approximately equal frequency, and a single
individual with the H. m. taeniatus colour pattern was later
collected but not sequenced (A. de Villiers, unpublished data).
Two haplotypes found (KTH402 and KTH415) were also common
Figure 5 Known geographical range of Hyperolius marmoratus in the Western Cape Province, South Africa, showing the locations in which 
putatively introduced populations occur. Data are from Western Cape Nature Conservation Board (CapeNature) Scientific Services, the South 
African Frog Atlas Project (SAFAP) and authors’ surveys.
K. A. Tolley et al.
© 2007 The Authors
408 Diversity and Distributions, 14, 400–411, Journal compilation © 2007 Blackwell Publishing Ltd
in H. m. verrucosus (56%) and H. m. marmoratus (39%). The
third haplotype found (D68) was rare in the dam (5%), and
was otherwise known only from the southern H. m. taeniatus
population (Fig. 3, see Appendix S1). The rarity in the dam
indicates that it may have been introduced more recently than the
other haplotypes and has not gained a foothold in the population
or that an H. m. taeniatus introduction was swamped by the
other more established haplotypes.
The most plausible explanation of events for the Durbanville
dam would be three independent colonizations (one for each
morph/haplotype). Although less parsimonious, a maximum of
six separate events is also possible because at least two haplotypes
are shared across subspecies (Fig. 3) and these could have entered
the population more than once via a different subspecies.
An introduction from a single source is unlikely, as only the
H. m. taeniatus subspecies was found to have all three haplotypes
(Fig. 3, see Appendix S1), yet the dam contains all three colour
morphs of which H. m. taeniatus is the rarest. Whatever the
sequence of events, the present data for the Durbanville site
provide stronger evidence of human-mediated jump-dispersal
than for natural colonization.
Modes of colonization
Although human-mediated jump dispersal is clearly demon-
strated, the actual means of colonization is unknown. Adults and
eggs of H. marmoratus are desiccation resistant (Withers et al.,
1982; Schmuck & Linsenmair, 1997) so individuals could have
been transported during either life stage. Accidental transport of
adults on plant material (such as fruit or cut flowers) and the
subsequent successful fertilization of eggs may have been the
basis of the invasion. Alternatively, since females lay eggs on
aquatic vegetation and fertilization is external (Passmore &
Carruthers, 1979, 1995; Channing, 2001), fertilized eggs may be
transported on aquatic plants and released straight into water
bodies, resulting in an adult population that is genetically
homogenous for mitochondrial markers. Two of the dams
(Durbanville and Strand) are located adjacent to golf courses
with an abundance of ornamental vegetation, making egg trans-
mission a plausible scenario. Moreover, the Strand dam is
located adjacent to a nursery. Nursery plants are transported
widely in South Africa (Richardson et al., 2003), and they are
known to be involved in frog translocations elsewhere (Beard &
Pitt, 2005). Nonetheless, given the complexity of the Durbanville
population, both the egg and the adult transfer scenarios seem
plausible. Accidental discovery of the frogs by homeowners, and
their subsequent release at an ‘appropriate site’ (Fuller, 2003)
seems quite likely too.
In the case of Villiersdorp and Stellenbosch, natural coloniza-
tion cannot be ruled out entirely, since these dams contain
only H. m. verrucosus morphs. Furthermore, the desiccation
resistance of the adults (Withers et al., 1982; Schmuck &
Linsenmair, 1997) suggests that natural long-distance dispersal
could take place over land, and this pattern has been demon-
strated in other amphibians using molecular data (e.g. Vences
et al., 2003, 2004; Measey et al., 2007b). However, the substantial
distance and mountainous terrain between the two dams, and
their location in sites that have been heavily transformed suggests
that human-mediated dispersal is substantially more plausible
than natural dispersal. Quite how this might have happened
is unknown.
CONCLUSIONS
When viewed in the context of range dynamic theory (Hengeveld,
1989; Suarez et al., 2001; Gaston, 2003), the genetic and
morphological results present a strong case that the range
expansion of H. marmoratus into Western Cape dams represents
human-mediated jump dispersal rather than natural range
expansion. In other words, H. marmoratus must be considered
alien to these dams (see PyÍek et al., 2004 for rationale), and,
given the densities encountered, a likely invasive (Richardson
et al., 2000 provide definitions). While it seems likely that a parallel
climate change-mediated range expansion is taking place in the
southernmost natural population represented by H. m. verrucosus,
the western, mixed-population colonizations of artificial
impoundments represent a very different process.
While such complexity might not characterize other range
expansions (see Parmesan, 2006 for review), these results caution
against any simple interpretation of range expansions in an era
characterized by a wide range of human interventions at all scales
(Mack et al., 2000; Tilman et al., 2001; Sax & Gaines, 2003;
Millennium Ecosystem Assessment, 2005; Davies et al., 2006).
Moreover, they highlight the utility of a phylogeographical
approach to conservation biogeography (Whittaker et al., 2005),
and particularly to the attribution of cause to novel range
expansions in landscapes increasingly dominated by people.
In the specific case of this introduction, H. marmoratus was
historically parapatric with its congener H. horstockii but the
two species presently overlap substantially (Bishop, 2004). This
creates the potential for hybridization and introgression (see
Rhymer & Simberloff, 1996), or competition for resources (see
Kupferberg, 1997). The effects of H. marmoratus on ecosystem
function remain unknown, but invasive amphibians have
substantially altered ecosystem structure and function elsewhere
(Kupferberg, 1997; Lampo & de Leo, 1998; Crossland, 2000;
Lever, 2001; Phillips & Shine, 2004; Lobos & Jaksic, 2005). With
appropriate research (Simberloff, 2003), education of local
communities, and involvement of nature conservation authorities,
it is possible that the spread of this frog could be slowed and
managed to minimize the impact of the invasion on the ecosystem
and community.
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